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We report the infrared (IR) response of Cu-0 chains in the high-T c superconductor YBa2Cu30 !/ 
over the doping range spanning y = 6.28 — 6.75. We find evidence for a power law scaling at mid-IR 
frequencies consistent with predictions for Tomonaga-Luttinger liquid, thus supporting the notion 
of one-dimensional transport in the chains. We analyze the role of coupling to the CuC>2 planes in 
establishing metallicity and superconductivity in disordered chain fragments. 
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The appeals of one-dimensional (ID) electronic sys- 
tems are many. Indeed, foundational concepts of con- 
densed matter physics are revised in the one dimension 
The conventional quasiparticle description breaks 
down in ID solids and the spin-charge separation concept 
needs to be invoked to understand excitations. An ex- 
perimental exploration of ID physics spans a diversity of 
systems ranging from conducting molecules to unidirec- 
tional charge-ordered regions (stripes) in high-T c super- 
conductors and quantum Hall structures. Many aspects 
of ID physics including the formation of the correlation 
gap in the electrodynamic response are well under- 
stood in part owing to the advent of exactly solvable 
models 3J. An arrangement of coupled ID conductors 
is envisioned as a paradigm to explain unconventional 
properties at higher dimensions specifically in the context 
to the problem of high-T c superconductivity. While the 
principal building blocks of cuprate superconductors are 
two-dimensional CuC>2 planes, a prototypical family of 
high-Tc materials YBa2Cu30 y (YBCO) does also possess 
ID elements - the so-called CuO chains. In (nearly) sto- 
ichiometric y = 6.95 and YBa2Cu40s compounds chains 
are conducting and also show substantial contribution to 
the superfluid density 0,13. 

Here we investigate the emergence of coherent re- 
sponse and superconductivity in the electrodynamics of 
the chains in underdoped YBCO compounds (y = 6.28 — 
6.75). In these materials chain fragments extend over 
distances 15 - 400 A (depending on the doping), which is 
insufficient to maintain dc currents across macroscopic 
specimens. Our infrared (IR) experiments show that 
when the chain fragment length exceeds a critical value 
their coupling via neighboring Cu02 planes enables di- 
rect contribution of the CuO chains to the dc transport 
and superconductivity. At frequencies above the cor- 
relation gap (50 - 200 meV, another doping-dependent 
parameter) the electrodynamics of chain fragments re- 
veals universal scaling behaviorpreviously found in other 
classes of ID conductors 0, U@ m accord with pre- 
dictions for the Tomonaga-Luttinger (TL) liquid. We 
emphasize that the interplay between superconductivity 
and correlated insulating state is difficult to investigate 



in more conventional ID systems. In this regard YBCO 
compounds constitute an excellent test bed for a survey 
of the issues pertaining to superconductivity of ID cou- 
pled conductors as will be elaborated below. 

We investigated detwinned YBCO single crystals with 
oxygen content y = 6.28, 6.30, 6.35, 6.40 (T c - 2 K), 
6.43 (T c - 13 K), 6.50 (T c - 31 K), 6.55 (T c - 50 
K), 6.65 (T c ~ 60 K), and 6.75 (T c ~ 65 K) grown by 
a conventional flux method and detwinned under uni- 
axial pressure 9]. Annealing under the uniaxial pres- 
sure also aligns chain fragments along the &-axis in non- 
superconducting YBCO (y = 6.28 - 6.35). Reflectivity 
spectra R(uj) at nearly normal incidence were measured 
with polarized light at frequencies from 20 to 48,000 cm" 1 
and at temperatures from 10 to 293 K. The complex op- 
tical conductivity spectra, <t(o>) = <ti(lj) + ia2{ui), were 
obtained from the measured R(lo), using the Kramers- 
Kronig (KK) transformation. The KK-derived results 
are consistent with those obtained by ellipsometry. Note 
that the chains in the YBCO system extend along the b- 
axis of the crystal and therefore do not contribute to the 
conductivity probed in the polarization E || a. On the 
contrary, both the Cu02 planes and the ID Cu-0 chains 
jointly contribute to the &-axis spectra. 

We first review the key features of the electromagnetic 
response of underdoped YBCO. Below the charge trans- 
fer excitation near 14,000 cm -1 one can identify two 
distinct absorption channels in the dissipative part of 
the conductivity. At the lowest frequencies (u> < 600 
cm -1 ) one recognizes a coherent contribution that has 
the Drude-like form. In disordered samples where local- 
ization effects are important, the Drude mode may evolve 
into a resonance centered at non-zero frequency. This 
particular transformation is especially clear in the &-axis 
conductivity of the y — 6.65 crystal showing a resonance 
at 200 cm -1 at low T [Fig. 1(a)]. This low frequency 
mode has to be contrasted with the smooth spectra of 
the y — 6.75 phase in Fig. 1(b). The coherent contribu- 
tion to the conductivity is strongly T-dependent and the 
changes of <j(uj, T) are directly related to transport data. 
Apart from the coherent low-w mode a broad absorp- 
tion structure is clearly seen in the mid-IR conductivity. 
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FIG. 1: Spectra of the real part of the conductivity for y — 
6.65 (left panels) and y — 6.75 crystals (right panels). On the 
top we show the 6-axis data with raw reflectivity results at 
10 K displayed in the insets. Middle panels depict the a- and 
6-axis spectra at 65 K, with doping dependence of the total 
intra-gap spectral weight N^g (left inset) and the coherent 
part of the spectral weight N^ h plotted (right inset). In (d), 
the dotted lines represent the Drude fitting results for coher- 
ent modes. The fitted dc resistivity and scattering rate are 
60 (35) (i!!cm and 75 (105) cm -1 for the a (b) axis, respec- 
tively. Bottom panels (e, f) show the difference in conductiv- 
ity a ch (cj) = ai.b(cj) — ai. a (uj) attributable to the response 
of the chains as described in the text. One finds a resonance 
structure centered at ~ 200 cm -1 in the low-T fo-axis data 
(panels a,c, and e) for the y = 6.65 sample. 



The mid-IR absorption does not show significant mod- 
ifications with T. With increased doping both features 
grow in strength and can no longer be distinguished in 
optimally doped phases. 

We now turn to the analysis of the effects in the elec- 
tromagnetic response attributable to Cu-0 chain frag- 
ments. It is instructive to consider various ways in 
which the chains influence charge dynamics by introduc- 
ing the electronic spectral weight N c g(u>) = L ai(u>')duj' . 
In the inset of Fig. 1(c) and 1(d), we show the dop- 
ing dependence of the total intra-gap spectral weight 
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FIG. 2: (a) Spectra of a ch (u>) = <Ti t b(w) — <7i i£t (aj) at lowest 
temperatures for a series of YBCO crystals. For y = 6.75, the 
coherent mode is not visible because its weight is tranferred 
to superconducting J-peak at uj = 0. (b) a ch (to) / o"pe ak with 
w/a;p ea k as the abscissa. For clarity, the sharp phonon struc- 
tures are removed from the data in the bottom panel. The 
solid line represents Lj _a -dependence with a = 1.6. 



as ~ 40 % in all underdoped samples in accord with the 
earlier data [l(j • The doping dependence of the coherent 
spectral weight is different: N^ h is nearly isotropic for 
y < 6.50, but at higher dopings N^ h acquires anisotropy 
that is progressively increasing with y. An enhancement 
of the N£g h in the 6-axis response may be attributed to 
the direct contribution of the Cu-0 chains to the far-IR 
conductivity ^lj. We stress that the anisotropy of the 
coherent contribution is observed only when the doping 
exceeds a critical value above y — 6.50 for this set of sam- 
ples. X-ray, NMR, and optical experiments convincingly 
show that the length of the chain seg ments is progres- 
sively increasing with doping 0, ll.l Il4| . Given this 
trend, we therefore conclude that a minimum length of 
chains is required to trigger the coherent component |15| . 



It is useful to supplement the analysis of the anisotropy 
of the electronic spectral weight with the examination of 
a (to) = a±fi(u>) — cr^aiuS), Assuming that the chains 
produce a parallel conductivity channel in YBCO, the 
spectra of <j ch (uj) are attributable to the response of the 
chains . lOj . For y < 6.50, in accord with the N c g analy- 
N*g — N c s(uj = 10, 000 cm -1 ) and that of the coherent sis discussed above, the a ch (oj) reveal no significant elec- 



component alone = N c g(uj = 600 cm -1 ) separately 
for the a-axis and 6-axis data. A quick inspection of the 
plots shows that the chains increase the total spectral 
weight registered in the 6-axis conductivity by as much 



tronic contribution below 600 cm -1 [top panel of Fig. 
2(a)]. The dominant chain contribution to optical con- 
ductivity in these samples is an asymmetric mid-IR mode 
revealing considerable softening with the increase of y. 
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The similar structure at lower oj can be identified in the 
a ch (uj) data for both the y = 6.65 and 6.75 crystals. 
In addition, we have been able to detect significant low- 
frequency conductivity in the latter compounds, uncov- 
ering interesting T-dependence [bottom panel of Fig. 1] . 
The \ow-ui coherent response of the chains above T c in the 
y — 6.75 sample leads to a ch (ui) that is monotonically in- 
creasing as lj — > 0, whereas the dominant contribution to 
the low T a ch (uj) for the y = 6.65 compound is a narrow 
resonance at 200 cm -1 . 

We now focus on the analysis of the mid-IR mode in 
the a ch (u>) spectra. The bottom panel of Fig. 2 shows 
the scaling behavior of this mode. The diagram demon- 
strates that all spectra collapse on a single curve follow- 
ing oj/wpcak protocol for the abscissa and a (u>) / c£eak 
renormalization for the vertical axis. Here, w pea k an( i 
°peak represent the position and the height of the mid-IR 
mode, respectively. The scaling behavior persists up to 
~ 0.5 eV and is obeyed for the variation of w pea k from 
650 cm" 1 for y = 6.75 to 2,500 cm" 1 for y = 6.30 [H], 
attesting to the significance of this result. Although the 
gross features of the a-axis conductivity of YBCO and 
other cuprates are similar to those seen in the a (u) 
spectra, the scaling trend is not identified in the a-axis. 
We therefore conclude that physics underlying the scal- 
ing law is intimately related to the ID character of the 
electronic transport in the chains. This conjecture is 
supported by theoretical analyses of the optical conduc- 
tivity of ID correlated insulators within the TL theory 
0, Eg ■ These models prescribe the emergence of a corre- 
lation gap Eg in a ID system near commensurate fillings 
leading to a strong asymmetric resonance in the cr(u>) at 
u> ~ Eg. When the filling deviates from the commen- 
surability due to doping, a coherent mode is expected 
to emerge within the correlation gap. Hence, a salient 
feature of the metal-insulator transition in a correlated 
ID system is the development of a two-component form 
of the optical conductivity. Remarkably, the spectra of 
c(uj) for lo > Eg are predicted to follow the same power 
law <r(u>) oc u)~ a behavior on both metallic and insulat- 
ing sides of the transition. Thus the gross features of the 
electromagnetic response attributable to ID Cu-0 chains 
as well as the evolution of these trends with doping are 
consistent with the predictions of the TL theory. 

Hallmarks of one-dimensionality uncovered by the 
above analysis of the a ch (uj) spectra motivate us to com- 
pare electrodynamics of the Cu-0 chains with the behav- 
ior of more conventional ID conductors complying with 
the predictions of the TL model. The observed power law 
with a = 1.6 in Fig. 2 is distinct from the tu~ 3 response 
expected for a band insulator |2] , but is close to a = 1.3 
seen in ID Bechgaard salts 0, U • The range of E g values 
in YBCO is comparable to that of the Bechgaard salts as 
well 0, • An important feature of the TL model is that 
universal ID scaling characteristics are expected to be 
found only at frequencies above E g whereas at lower en- 
ergies {oj < Eg) a system of coupled ID conductors shows 
2D or 3D behavior 0, ■ This dimensional crossover is 




FIG. 3: Top panel: the doping dependence of the superfluid 
density p s at y — 6.50 - 6.95 ff| separately for a-axis and 6-axis 
data. Bottom panel: phase diagram displaying characteristic 
regimes in the response of the CuO chains. Here I stands for 
insulating, LOC for localized metal, M for Drude metal, and 
SC for superconducting. 



seen in Bechgaard salts |2|, |6j, |7J and also can be identified 
in the a {oj) data for YBCO crystals with y I 6.50 re- 
vealing a prominent coherent contribution. Notably, the 
low-energy properties of the TL liquid are non-universal 
since this behavior critically depends on the details of the 
inter-chain coupling. An important aspect of the cou- 
pling in YBCO is a close proximity of the chains to the 
Cu02 planes implying that the hybridization between the 
chain and plane states has to be taken into account [Isj . 
This strong coupling is likely to be responsible for the 
pronounced spectral weight of the coherent mode rela- 
tive to the total weight in the a ch {oj) spectra. Indeed, 
we find that for YBCO N£ h /N*$ ~ 40 - 50 % whereas 
in Bechgaard salts this ratio is as small as 1-2 % 
Given the strong chain-to-plane coupling when Cu02 lay- 
ers may act as Ohmic heat baths for charge degrees of 
freedom [l9l | , it is not surprising that the power laws close 
to the Fermi liquid pattern seen in the T de pen dence of 
the chain resistivity p ch (T) [= l/(o- b - a a )\ |2£| are dif- 
ferent from those observed in ID organic conductors. 

We now turn to the analysis of the transformation of 
the spectra in the superconducting state. A spectroscopic 
signature of superconductivity is the transfer of the elec- 
tronic spectral weight from finite frequencies to super- 
conducting 8- function at oj = 0. The strength of the 
<5(0)-peak referred to as the superfluid density p s can be 
readily evaluated from the so-called missing area in the 
conductivity data, following the Ferrel-Glover-Tinkham 
sum rule: p s = 8 J doj[a\{oj, T > T c ) — <Jx{oj, T <C T c )] or 
from the imaginary part of the conductivity |2l| . Data 
in top panel of Fig. 3 uncover nearly isotropic p s in 
the y = 6.65 crystal, whereas for y = 6.75 the super- 
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conducting condensate is strongly enhanced in the 6-axis 
data. This contrasting behavior of the two crystals can 
be traced back to distinctions in the low-frequency co- 
herent contribution to a ch (ui) at T ~ T c . Indeed, in 
the the y = 6.75 crystal one finds a Drude-like form of 
the low-w conductivity whereas in the y — 6.65 sample 
the coherent contribution produces a finite energy reso- 
nance centered at 200 cm" 1 . Similar absorption struc- 
tures are commonly found in the optical conductivity 
data for low-dimensional disordered conductors, and can 
be attributed to the weak localization induced by defects 
or disorders p^ . Apparently, bound carries forming a 
200 cm -1 resonance are excluded from contributing to 
p s . We also plotted the y-dependent p s from y = 6.50 
to 6.95 5]. Data in Fig. 3 show that p s along the b- 
axis starts to exceed that probed along the a-axis for 
y > 6.65, coincident with the disappearance of the local- 
ization mode at 200 cm" 1 . Evidently, the derealization 
of the bound carriers yields an additional contribution 
to the superfluid density resulting in anisotropic p s in 
YBCO. 

The experiments detailed above uncover several new 
facets of the response of 1-D conducting elements in the 
environment of doped MH insulators. The scaling be- 
havior of a (u>) reaffirms the applicability of the TL de- 
scription to the response of the Cu-0 chains segments 
in YBCO. Our measurements indicate that the chain 
segment length has to exceed a minimum value (15 - 
20 A) to trigger the universal power law in o{lo) data 
[l2l Indeed, no readily identifiable resonance is 

found in the data for the y = 6.28 crystal which has 
an average length of Cu-0 segments below this cut-off 
[Fig. 2(a)]. The proximity to highly conducting Cu02 
planes defines an entirely different character of the coher- 



ent mode in the a ch (uj) spectra. Specifically, the plane- 
mediated processes dramatically enhances the strength 
of the coherent mode compared to modes generated by 
the direct inter-chain hopping in conventional 1-D sys- 
tems. Once the chain fragment length exceeds the criti- 
cal value and the separation between these fragments is 
reduced, the a ch (u>) spectra reveal the Drude-like metal- 
lic behavior which would be impossible in a system of 
isolated disordered chains. In between these two regions 
one finds a territory marked as 'localized metal' where 
chains do contribute to the electronic conductivity but 
not to the superfluid density. The superconducting con- 
densate emerges as soon as the inter-chain coupling is 
strong enough to support conventional Drude-like behav- 
ior at T ~ T c . The particular dopings corresponding to 
the transitions from the insulator to the localized metal 
and to metal in a ch (cu) are likely to be sensitive to details 
of sample preparation. Due to the effective hybridization 
between the plane and the chain states, the superconduc- 
tivity residing in the chain might have three-dimensional 
character rather than one-dimensional. Recall that the 
usual description of superconductivity in the chains via 
a proximity coupling to the planes has difficulties in ac- 
counting for the identical T dependence of the superfluid 
density measured along the a- and 6-axis in YBCO [28l |. 
In this context it is interesting to note that supercon- 
ducting ground state is one of possible ordered phases 
predicted to arise from inter-chain interaction within the 
TL model 0. This corollary of the TL scenario warrants 
further analysis of superconducting response of the chains 
using a variety of relevant probes. The doping depen- 
dent trend in chains is reminiscent of the superconductor- 
insulator transition in disordered Cu02 planes |24j . 
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